This study prepared aluminum and gallium co-doped zinc oxide (AGZO) thin films using pulsed direct current magnetron sputtering, and studied the electrical properties, transmittance, effects of texturing, and applicability as the front contact for a-Si:H solar cells. Textured ZnO:Al (AZO) and ZnO:Ga (GZO) thin films were also compared with AGZO thin film to evaluate their performance as front contacts. Experimental results show that AGZO films with the highest figure of merit φ TC value (24.64 × 10 −3 −1 ) were obtained at Al and Ga doping concentrations of 0.54 wt% and 1.165 wt%, respectively. The textured AGZO films used as the front contact in a-Si:H solar cells achieved the following results: V OC = 0.77 V, J SC = 16.5 mA/cm 2 , FF = 59%, and conversion efficiency of 7.53%. AZO and GZO films have better electrical properties than AGZO film; however, AGZO film has superior transmittance in the near-infrared (NIR) region and higher J SC , conversion efficiency and external quantum efficiency (EQE) than AZO and GZO films under a similar haze value. In recent years, transparent conducting oxide (TCO) thin films have been applied in silicon thin film solar cells, providing high transparency in the visible light region and good electrical conductivity. [1] [2] [3] Light scattering in silicon thin film solar cells can be achieved using wet-etching, to produce surface structures capable of scattering incident light into the silicon absorber layer.
In recent years, transparent conducting oxide (TCO) thin films have been applied in silicon thin film solar cells, providing high transparency in the visible light region and good electrical conductivity. [1] [2] [3] Light scattering in silicon thin film solar cells can be achieved using wet-etching, to produce surface structures capable of scattering incident light into the silicon absorber layer. [4] [5] [6] For amorphous silicon solar cells, SnO 2 :F (Asahi U-Type) and AZO have been the most favored TCOs. 7 GZO has better conductivity and transparency in the near infrared region. [8] [9] [10] Meanwhile, AZO has relatively low thermal stability and problems with degeneration following extended exposure to ambient air, due to the high reactivity of Al. [11] [12] [13] Previously, Kang et al.
14 co-sputtered AZO and GZO to prepare AGZO film and studied the electrical and optical properties. Lee et al. 8 studied the damp heat stability of AGZO film before and after annealing. The present study is the first to evaluate the performance of AGZO as a front contact in a-Si:H solar cell. Three common TCOs (ZnObased AZO, GZO, AGZO thin films) were applied and differences in the performance of each solar cell were investigated. AGZO was deposited using pulsed DC magnetron sputtering and a light trapping structure was formed by wet-etching.
Experimental
This study employed pulsed direct current magnetron sputtering to deposit the AGZO thin films on the glass substrate measuring 25 × 25 mm 2 . To study the influence of Al doping concentration (0.42-0.74 wt%) on the characteristics of the thin films, the position of the metallic Al sheet on the GZO target material was varied to alter the doping concentration of Al within the GZO. A sintered ceramic GZO target (3 inch in diameter with thickness 6 mm) was doped with 0.6 wt% Ga 2 O 3 . The purity of the Al sheet (1 mm in height and 2 mm in diameter) was 99.99%. The pulsed magnetron sputtering process was performed at a working pressure of 0.4 Pa, power of 150 W, substrate temperature of 373 K, and thickness of 800 nm. AGZO films were post-annealed at 473-873 K for 30 minutes in an argon atmosphere. Prior to application to the front contact of a-Si:H solar cells, AGZO films were textured for various durations using 0.5% and 0.3% diluted HCl so as to form light trapping structures. An energy dispersive spectrometer (Hitachi S3000N) was used to analyze the chemical composition, and an X-ray photoelectron spectroscope (XPS, PHI 5000, VersaProbe) with Al Kα (1486.6 eV, width 0.85 eV) was used to analyze the chemical state of the films. Hall effect measurements (ECOPIA HMS-2000) were used to determine resistivity, z E-mail: ielinyc@cc.ncue.edu.tw mobility, and carrier concentration. X-ray diffraction (XRD, SHI-MADZU XRD-6000) with Cu Kα radiation was used to analyze the crystal structure.
Haacke's new figure of merit was adopted to determine the quality of the AGZO films. Haacke 15 defined a new figure of merit for transparent conductor oxide films, as shown in the Eq. 1:
where T is the average transmission at 550 nm, and R s is the sheet resistance of the transparent conductor oxide films. Additionally, the energy gap (E g ) of AGZO film was determined by the Tauc relationship 16, 17 as following:
where α is the optical absorption coefficient, hv is the photon energy, and k is the proportional constant. An extrapolating of the linear plot of (αhν) 2 on the y-axis versus photon energy (hν) on the x-axis produces a value of E g at (αhν) 2 = 0. The surface features and surface roughness of AGZO films were observed using a thermal field emission scanning electron microscope (JEOL TF-SEM JSM7000F). A fiber coupled CCD array spectrometer (Hon Ming MFS-630) was used to measure the haze value in the wavelength range of 250-900 nm.
To compare the electrical properties, transmittance, and photovoltaic performance with common ZnO-based TCOs (i.e. AZO and GZO), the GZO target (3 wt% Ga 2 O 3 ) and AZO target (2 wt% Al 2 O 3 ) were adopted for the deposition of GZO 12 and AZO films 18 using pulsed magnetron sputtering at a substrate temperature of 473 K, followed by texturing for application to the front contact of a-Si:H solar cells. In addition, to investigate the surface roughness of films after textured, this study used atomic force microscopy (AFM, Solver NT-MDT P47) measurement.
Finally, p-i-n a-Si:H thin film solar cells were deposited by PECVD under a working pressure of 90 Pa, at a substrate temperature of 473 K, and power of 10 W to deposit a p-layer 8 nm-thick, buffer layer 6 nm-thick, intrinsic-layer 300 nm-thick and n-layer 20 nmthick on textured AGZO, AZO, and GZO films on a glass substrate. Ag back contacts were prepared by sputtering. Details of the cell structure can be found in Ref. 19 . Following fabrication, the solar cells were annealed at 150
• C for 2 h. By adopting a textured surface for the front contact (AGZO, AZO, and GZO) the optical path of the light is increased through scattering, thereby increasing absorption in the active layers. The current-voltage and EQE characteristics of the solar cellswere measured at 100 mW/cm 2 using an AM 1.5 solar simulator. The effective aperture area of the cell is 20 × 20 mm 2 by laser scribing process. 
Results and Discussion
Characteristics and surface texturing of AGZO.-The position of the Al sheet was changed to alter the Al doping concentration. EDS analysis of the AGZO films showing the relative position X of the Al sheet and GZO target can be seen in Fig. 1 . An increase in the distance from target center, X of Al sheet and GZO target increased the doping concentration of Al. We computed φ TC values according to Eq. 1, for various doping concentrations, as shown in Fig. 2 . In addition, the stoichiometry mapping image of Al and Ga elements in various locations of sample can be seen in Fig. 3 . The EDX measured result shows that the distribution of Al and Ga elements are uniform from different locations of sample. When AGZO films were prepared and then annealed under argon atmosphere at 473-873 K for 30 minutes at a doping concentration of 0.54 wt%, the highest φ TC values were 24.64 × 10 region as well as a decrease in the energy gap. 20 After annealing, the energy gap decreased with an increase in annealing temperature, which could be attributed to a decrease in carrier concentration. This would lead to a reduction in carrier concentration and a decrease in energy gap due to the Burstein-Moss effect. 21 AGZO films with an Al doping concentration of 0.54 wt% were textured using 0.5% and 0.3% diluted HCl to form a light trapping structure. Fig. 6 shows the haze spectrum of AGZO films under various texturing conditions at room temperature. AGZO texturing using 0.5% diluted HCl resulted in a higher haze value, despite the reduction in etching time. The influence of damage to the surface of the films was more obvious following etching at higher concentrations of diluted HCl. An increase in etching time resulted in a more pronounced textured effect on the surface of the films, thereby improving the light trapping structure and increasing the optical path of incident light. A higher haze value implies higher diffuse transmittance at the surface of the film.
SEM images of the surface structure of textured AGZO films are shown in Fig. 7 . When the AGZO films were textured using 0.3% diluted HCl solution, particle clusters were formed on the surface of the film; however, light trapping structures are not obvious. With an increase in etching time, the number of particle clusters increased, with a subsequent increase in the roughness of film resulting in enhanced diffusion of incident light. When the AGZO films were textured using 0.5% diluted HCl solution, craters were observed on the surface of the film and an increase in etching time increased the roughness of the film as well as the diameter of the craters (220-780) nm. A higher degree of roughness results in better light trapping effect, indicating good light diffusion potential. It is worth to mention, the particle clusters formed on the surface of the film is only appear when the AGZO films were textured using 0.3% diluted HCl solution for a longer etching time.
The EDS spectrum measured shown that the composition of particle mainly includes aluminum and oxygen elements. The diminished etch behavior using 0.3% diluted HCl solution may prefer to etch Ga than Al, and resulting in an Al 2 O 3 particle formed on the surface of the film. But, Al 2 O 3 particle will be etched under a stronger 0.5% diluted HCl solution.
Comparison of AGZO, AZO, and GZO.-A comparison of AGZO, AZO, and GZO films reveals that AZO and GZO films have better electrical properties (lower resistivity and higher mobility and carrier concentration) than AGZO film, due to their higher doping concentrations and lager grain size (see XRD analysis in Fig. 9 ). Hall measurements are shown in Table I , and transmittance in the wavelength range of 300-2000 nm is shown in Fig. 8 . In the visible light range, the average transmittance remained above 80%. In the shorter wavelength range of 350-380 nm, the optical band edge of AZO and GZO shifted to the blue light region. In the range of 800-2000 nm, the average transmittance of AGZO (59.5%) exceeded that of AZO (41.8%) and GZO (30.4%). The sheet resistance and surface roughness measurements at various conditions in AZO, GZO, and AGZO film is showed in Table II. Liu et al. 13 described how the transmittance spectra at 300-2000 nm shifted to the blue region with an increase in doping carrier concentration, due to the Burstein-Moss effect. The average transmittance in the range of 800-2000 nm increased and the total transmittance spectra shifted to the blue light region. In addition, TCO is regarded as a plasma. 22 The carrier concentration of TCO is approximately 10 19 -10 21 cm −3 , and the corresponding plasma frequency and plasma wavelength are located in the NIR region, implying that free carriers have a considerable influence in the NIR region. According to the Drude-Lorentz model, plasma frequency increases with an increase in concentration; therefore, an increase in the attenuation coefficient in the NIR region would result in a decrease in the transmittance in the NIR region. Jin et al. 23 studied the reflectance and transmittance of AZO films of various concentrations. With an increase in Al doping concentration, transmittance in the NIR region decreased and the total transmittance spectra shifted to the blue light region.
XRD analysis for various thin films is shown in Fig. 9 . All of the films exhibit a typical hexagonal wurtzite structure with a ZnO (002) preferential orientation. According to XRD, the peaks of GZO films (34.22
• ) are lower than those of AZO films (34.4
• ). The ionic radius of Ga (0.62 Å) is larger than that of Al (0.53 Å), 24 leading to a higher lattice constant and downward shift in diffraction peaks. 25 AGZO films contain Ga 3+ ions and Al 3+ , implying that the average ion radius is approximately 0.62-0.53 Å, and the peak (34.34
• ) is located between the peaks observed in AZO and GZO. The diffraction peak intensity and full width at half maximum (FWHM) of AGZO films are wider than those of AZO and GZO. According to Table I , AGZO has the highest resistivity, implying that the AGZO acquires more lattice defects during the deposition process. In the XPS survey spectra shown in Fig. 10 , an Al2p peak is observed in AZO films with possible binding energy in the oxidation state. A Ga3d peak was observed in GZO films with possible binding energy in the oxidation or metallic states. Peaks for Al2p and Ga3d were observed in AGZO films and the possible binding formula of Al2p is the oxidation state, while the possible binding formula of Ga3d is the oxidation or metallic state, Ga atom. As discussed previously, the binding formula of doped atoms, Al and Ga, in AGZO films did not change as they do in AZO and GZO films; however, the binding energy of the Al2p and Ga3d peaks in AGZO films increased slightly.
Performance of amorphous silicon thin films solar cells with
AGZO.-I-V parameters of a-Si:H solar cells for AGZO films under various etching conditions are shown in Table III . The haze value was obtained according to the average value in the visible region (Fig. 6) . Non-textured AGZO films had the highest V oc of 0.84 V, because the texturing process led to the formation of cracks and current leakage at the AGZO/p-layer interface, resulting in a decrease in V OC.
26 J SC increased with an increase in haze value, with the highest J SC of 16.53 mA/cm 2 obtained at a haze value of 33.92%. Due to the influence of light trapping structures, incident light was diffused at the AGZO/p-layer interface with a subsequent increase in the optical path enhancing optical absorption within the silicon layer. J SC was improved from 13.21 mA/cm 2 to 16.53 mA/cm 2 , and the conversion efficiency was also improved. When the haze value increased to 41.24%, J SC decreased to 14.98 mA/cm 2 . The thickness of the active layer of AGZO film after texturing to produce a haze value of 41.24% prevented the complete absorption of incident light. Textured AGZO Fig. 11 . AZO had a haze value of 22.7% and GZO had a haze value of 23.6%. I-V characterization of a-Si:H solar cells with various front contacts is shown in Table IV . The V OC was approximately 0.8-0.72 V. The J SC of AZO and GZO were 12.9 mA/cm 2 and 13.3 mA/cm 2 , respectively, which are lower than that of AGZO, implying that the photon collection ability of AGZO films exceeds that of the other two front contacts. The V OC for GZO films was the highest, which can be attributed to superior conductivity. The AGZO coated sample has the highest FF of 0.64 could be attributed to a decrease in carrier concentration, with subsequent decrease in the number of Al 3+ or Ga 3+ ions diffusing into the p-layer, thereby alleviating the problem of pollution at the front contact/p-layer interface. (An increase in carrier concentration increases the probability of pollution at the front contact/p-layer interface resulting in poor cell performance 27 ). Rech et al. 28 deposited AZO as a front contact in μc-Si:H solar cells using RF sputtering with different Al contents and obtained similar results.
The EQE of a-Si:H solar cells with various front contacts is shown in Fig. 12 . In the range of 300-400 nm, the spectral response of AZO and GZO was higher than that of AGZO, due to the larger energy gap of AZO and GZO. In the range of 400-800 nm, the spectral response of AZO and GZO was lower than that of AGZO, implying that a higher optical utilization rate was responsible for the higher J SC . AZO and GZO demonstrated lower J SC , conversion efficiency, and EQE than AGZO. It seems to originate from different reflectance caused by different light scattering properties. Otherwise, Interface region seems that pollution atoms are possibly diffused into the silicon layer during the plasma process, affecting the carry recombination rate in the contact/p-layer interface and therefore the performance of solar cells.
Conclusions
In this study, AGZO thin films were prepared using pulsed direct current magnetron sputtering with various Al doping concentrations followed by annealing at 473-873 K and surface texturing with 0.5% and 0.3% diluted HCl. Finally, an a-Si:H layer and AZO/Ag contact were deposited to complete the solar cells. Experimental results reveal that AGZO films have the highest figure of merit φ TC value (24.64 × 10 −3 −1 ) at an Al doping concentration of 0.54 wt%. When produced at an annealing temperature of 473 K, the φ TC value exceeded that of as-deposited AGZO films. AGZO films with a textured surface increase the optical path of light by means of scattering, thereby increasing absorption in the active layer resulting in improved EQE and conversion efficiency. Textured AGZO film with a haze value of 33.9% achieved the following results: FF = 59%, V OC = 0.77 V, J SC = 16.5 mA/cm 2 , and conversion efficiency of 7.53%. AZO and GZO have better electrical properties, transmittance, and lattice characteristic than AGZO films; however, the transmittance in the NIR region decreases with an increase in carrier concentration due to the Drude-Lorentz model and the Burstein-Moss effect. As a front contact, AGZO has higher short circuit current density and external quantum efficiency than AZO and GZO. This could be attributed to a decrease in carrier concentration, with subsequent decrease in the content of Al 3+ or Ga 3+ ions diffusing into the p-layer, thereby alleviating the problem of pollution by dopants at the interface between front contact and p-layer. In addition, in the range of 800-1200 nm, AGZO has superior transmittance to that of AZO and GZO. AGZO films are suitable for application on tandem amorphous silicon solar cells as well as in CIGS solar cells, an application which is currently being studied.
